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Abstract
Thermotoga maritima is a hyperthermophilic bacterium that contains a complex, heterotrimeric (KLQ) Fe-only
hydrogenase. Sequence analysis indicates that the gene encoding the smallest subunit (Q), hydC, contains a predicted iron-
sulfur cluster binding motif. However, characterization of the native Q-subunit has been hampered by interference from and
the inability to separate intact Q-subunit from the other two subunits (K and L). To investigate the function and properties of
the isolated Q-subunit, the gene encoding HydG was expressed in Escherichia coli. Two forms of the recombinant protein were
obtained with molecular masses of 10 and 18 kDa, respectively. Both contained a single [2Fe-2S] cluster based on metal
analysis, EPR and UV-visible spectroscopy. NH2-terminal sequencing revealed that the 10 kDa protein is a truncated form of
the intact Q-subunit and lacks the first 65 amino acid residues. The midpoint potential of the 18 kDa form was 3356 mV at
pH 7.0 and 25‡C, as measured by direct electrochemistry, and was pH dependent with a pKox of 7.5 and a pKred of 7.7. The
oxidized, recombinant Q-subunit was stable at 80‡C under anaerobic conditions with a half-life greater than 24 h, as judged
by the UV-visible spectrum of the [2Fe-2S] cluster. In the presence of air the protein was less stable and denatured with a half-
life of approx. 2.5 h. The recombinant Q-subunit was electron transfer competent and was efficiently reduced by pyruvate
ferredoxin oxidoreductase from Pyrococcus furiosus, with a Km of 5 WM and a Vmax of 9 U/mg. In contrast, native T. maritima
hydrogenase holoenzyme and its separated K-subunit were much less effective electron donors for the Q-subunit, with a Vmax
of 0.01 U/mg and 0.1 U/mg, respectively. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
Hydrogenases catalyze the reversible reduction of
protons to hydrogen gas. Two main classes have
been identi¢ed based on their metal content. Those
that contain both iron and nickel, the NiFe hydro-
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genases, are found in a wide variety of aerobic and
anaerobic organisms. The second class, the Fe-only
hydrogenases, contain only Fe-S clusters [1]. These
have only been found in anaerobic microorganisms
and in the hydrogenosomes of unicellular eukaryotes
[2^8]. Crystallographic studies of two Fe-only hydro-
genases [9,10] have revealed that their active sites, the
so-called H-cluster, contains six Fe atoms. It consists
of a [4Fe-4S] cluster which is bridged to an unusual
2Fe subcluster by a single cysteine residue. Electron
transfer to the active site from an external electron
carrier occurs through additional Fe-S clusters, the
number of which depends on the type of Fe-hydro-
genase. Indeed, this group of enzymes has a remark-
ably modular structure that is probably a result of
gene fusion events. For example, the Fe-hydrogenase
from Desulfovibrio desulfuricans contains, in addition
to the H-cluster-binding domain located at the C-
terminus, a ferredoxin-like domain containing two
[4Fe-4S] clusters at the N-terminus. In contrast, the
enzyme from Clostridium pasteurianum (Cp) contains
additional domains at the N-terminal part of its sin-
gle subunit that contain two more clusters, one [2Fe-
2S] and one [4Fe-4S]. That these are independent
domains was con¢rmed by the expression in Esche-
richia coli (Ec) of a truncated gene encoding the N-
terminal 76 residues of Cp Fe-hydrogenase. This re-
sulted in a stable protein that contained a [2Fe-2S]
cluster with a structure similar to that of plant type
2Fe-ferredoxins [11,12].
Herein we focus on the most complex Fe-hydro-
genase so far characterized, that from Thermotoga
maritima (Tm), a hyperthermophilic bacterium which
grows optimally at 80‡C. Tm represents one of the
two most slowly evolving branches in the bacterial
domain [13]. It is an anaerobic heterotroph that fer-
ments carbohydrates via an Embden-Meyerhof path-
way wherein protons, sulfur and thiosulfate can serve
as terminal electron acceptors [14,15]. The reduction
of protons to H2 is catalyzed by a heterotrimeric
(KLQ) Fe-only hydrogenase, encoded by three genes,
hydC (Q), hydB (L) and hydA (K), within the hydro-
genase operon, the properties of which were recently
described [16]. In that study, the K- and L-subunits of
the puri¢ed native Fe-only hydrogenase were sepa-
rated by chromatography under partially denaturing
conditions and the K-subunit was found to be cata-
lytically active. The EPR properties of the isolated K-
and L-subunits, when compared with those of the
holoenzyme, indicated the presence of a catalytic
H-cluster, three [4Fe-4S] and one [2Fe-2S] cluster in
the K-subunit, while the L-subunit appeared to con-
tain one [4Fe-4S] and two [2Fe-2S] clusters. Unfortu-
nately, intact Q-subunit could not be recovered after
the partial denaturation of the holoenzyme and con-
sequently could not be characterized. Based on se-
quence comparisons, it was predicted that the Q-sub-
unit (HydC) should contain a [2Fe-2S] cluster, but
this could not be veri¢ed from studies on the holo-
enzyme due to interference from the FeS clusters
present in the K- and L-subunits [16].
In order to gain insights into the properties and
role of the Q-subunit from the Fe-only hydrogenase
of Tm, we have set out to express and characterize
the hydC gene product separately. In this paper we
report the properties of the isolated, recombinant
Q-subunit after heterologous expression of the hydC
gene from Tm in Ec. The spectroscopic and electro-
chemical properties of the puri¢ed Q-subunit, as
well as its likely role in electron transfer are de-
scribed.
2. Materials and methods
2.1. Strains, cultivation
Epicurian coli XL13 Blue MRFP cells (Stratagene,
La Jolla, CA) were used for routine maintenance,
cloning, and sequencing of plasmid DNA. Strains
were grown aerobically in Luria-Bertani (LB) me-
dium [17] supplemented with ampicillin (100 Wg/ml)
in a rotary shaker at 225 rpm and 37‡C.
2.2. Recombinant DNA techniques
The gene encoding Tm HydC was PCR-ampli¢ed
by standard techniques using Pfu DNA polymerase
(Stratagene) and Tm chromosomal DNA as the tem-
plate. The N-terminus primer (31-mer, 5P-GGT GTT
GCA TAT GGA AAG ACA CTT CGA AAA G-3P)
included a unique NdeI restriction site (incorporated
into the start codon (ATG) of the gene) and the ¢rst
18 nucleotides of the coding region of hydC. The
natural start codon of HydC, TTG, was changed
into an ATG to increase expression levels. The
BBABIO 45043 24-4-01
M.F.J.M. Verhagen et al. / Biochimica et Biophysica Acta 1505 (2001) 209^219210
C-terminus primer (28-mer, 5P-TTT CGG ATC CTT
AAA CAT TGG CGC TCT C-3P) included 15 nu-
cleotides of coding region and a unique BamHI re-
striction site immediately downstream from the stop
codon of hydC. The PCR product was gel-puri¢ed
and cloned into pCRScript SK(+) (Stratagene). One
clone, containing a correctly sized insert, was selected
for further analysis. The cloned PCR product was
sequenced using an Applied Biosystems model
373A sequencer. The sequenced plasmid was subse-
quently digested with the restriction enzymes NdeI
and BamHI and subcloned into the expression vector
pET21b (Novagen, Madison, WI) to generate
pET21b-HydC.
2.3. Heterologous expression
Epicurian coli BL21(DE3) cells (Stratagene) were
used for the protein expression studies. The pET21b-
HydC-containing expression strain was grown
aerobically at 37‡C in 1 l of LB medium or 2Uyeast
tryptone (2UYT) medium [17] supplemented with
ferrous sulfate (125 WM) and was induced at 0.8^
1.0 OD units (600 nm) by the addition of isopropyl
L-D-galactopyranoside (IPTG) to a ¢nal concentra-
tion of 1 mM. Conditions for optimal expression
were established by varying both induction temper-
ature and medium composition. Induction in 2UYT
medium was carried out at 30‡C for 4 h. Induction in
LB medium was performed following two di¡erent
protocols: (1) at 30‡C for 4 h or (2) by subjecting the
culture to a heat shock at 42‡C in the presence of
2 mM cysteine prior to induction at 40‡C for 4 h
[18]. To obtain su⁄cient biomass for protein puri¢-
cation, cells were induced in a 20 l fermenter in LB
medium using the heat shock protocol. The ¢nal cell
yield was 45 g (wet weight).
2.4. Puri¢cation of the recombinant HydC
Induced cells (22 g, wet weight) were lysed anaer-
obically in 60 ml of 50 mM Tris-HCl, pH 8.0,
containing 2 mM DTT, 150 Wg/ml lysozyme and
14 Wg/ml DNase I by incubation with gentle shaking
for 3.5 h at 37‡C. The extract was centrifuged at
39 000Ug for 1 h. The clear supernatant containing
recombinant HydC was incubated at 70‡C for 10 min
with gentle shaking, and subsequently stored at 4‡C
overnight. The heat-treated supernatant was centri-
fuged at 39 000Ug for 1 h and the clear red super-
natant was loaded onto a Q-Sepharose HP column
(2.6U12.5 cm) equilibrated with 50 mM Tris-HCl,
pH 8.0, containing 2 mM DTT. Proteins were eluted
at 3 ml/min with a linear gradient (1.3 l) from 0^1 M
NaCl. UV-visible spectra were recorded for the dif-
ferent fractions and spectral features, such as peaks
at 460 and 550 nm, which are characteristic of [2Fe-
2S]-containing proteins, were used to detect the pres-
ence of HydC. The protein eluted in two di¡erent
pools from the anion exchange column: a minor
fraction between 100 and 150 mM NaCl (I) and a
major fraction between 200 and 230 mM NaCl (II).
Both pools were concentrated separately using an
ultra¢ltration cell (Amicon, MA) equipped with a
PM-10 membrane. The concentrated fractions were
applied separately to a Superdex 75 column (2.6U60
cm) equilibrated at 1 ml/min with 25 mM Tris-HCl,
pH 8.0, containing 150 mM NaCl and 2 mM DTT.
Pool I was collected, desalted in 50 mM EPPS pH
8.0 containing 2 mM DTT, concentrated by ultra¢l-
tration using a PM-10 membrane and stored as pel-
lets in liquid N2. Pool II was diluted 4-fold and
loaded onto a Resource Q column (2.6U18 cm)
equilibrated with 25 mM Bis Tris propane, pH 7.0,
containing 2 mM DTT. The protein was eluted at
4 ml/min with a linear gradient (1.2 l) from 0^0.5 M
NaCl in the same bu¡er. Fractions containing HydC,
which eluted between 60 and 80 mM NaCl, were
desalted in 50 mM EPPS pH 8.0, concentrated by
ultra¢ltration using a PM-10 membrane and stored
as pellets in liquid N2.
2.5. Analytical methods
The levels of HydC expression during the induc-
tion experiments and the purity of recombinant
HydC during puri¢cation were assessed using dena-
turing gel electrophoresis in 12% Tris-glycine gels
[19]. For N-terminus amino acid sequence analysis,
both forms of HydC were separated on 12% Tris-
glycine gels, as described above, transferred to a Pro-
Blott PVDF membrane (Applied Biosystems) and
stained, following the manufacturer’s instructions.
Sequence analyses were performed on the PVDF
membrane-bound proteins at the Molecular Genetics
Instrumentation Facility at the University of Geor-
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gia. The iron content of the puri¢ed proteins was
determined by a colorimetric method using o-phen-
anthroline [20] and by inductively coupled plasma
emission spectroscopy (ICP) performed at the Chem-
ical Analysis Laboratory of the University of Geor-
gia using a Jarrel-Ash Atomcomp model 965. Sam-
ples for quantitative amino acid analysis were passed
through a G-25 desalting column equilibrated in
HPLC-grade water and concentrated using a Micro-
con 3 ¢lter unit (Amicon, MA). Liquid chromatog-
raphy-mass spectrometry (LC-MS) was performed at
the Chemical and Biological Sciences Mass Spec-
trometry Facility at the University of Georgia. The
samples were analyzed using a PE-Sciex API I plus
mass spectrometer coupled to an Applied Biosystems
140B delivery system and ABI 759A absorbance de-
tector. Protein was supplied at a concentration of
1.5 mg/ml in HPLC-grade water, injected onto a
Kromasil C-4 column (1U150 mm), and eluted at
30 Wl/min with a gradient of 0^100% solvent B
(90% acetonitrile in solvent A: water containing
0.1% tri£uoroacetic acid). The e¥uent was loaded
at 11 Wl/min into the mass spectrometer, and the
electrospray voltage used was 4500 V. Colorimetric
determination of protein was performed using the
Bradford method [21] or the micro biuret method
[22] with TCA/DOC precipitation [23]. UV-visible
spectra were recorded with a UV-2501 PC spectro-
photometer equipped with a thermostated cell holder
(Shimadzu, MD). To assess the stability of the pro-
tein, the decrease in absorption at 550 nm, indicating
loss of the chromophore, was followed while main-
taining the cell holder at the desired temperature. To
determine the stability under anaerobic conditions,
cuvettes were ¢lled in an anaerobic glovebox (6 1
ppm O2) (Vacuum Atmospheres, CA) and closed
with rubber stoppers.
Reduction potentials of HydC were determined by
cyclic voltammetry using glassy carbon, platinum,
and Ag/AgCl as the working, counter, and reference
electrode, respectively. The experimental setup and
the preparation of the working electrode were previ-
ously described [24]. Direct electrochemistry was per-
formed in the presence of 2 mM neomycin and
20 mM MgCl2. The pH dependence of the redox
potential was determined at 23‡C using a concentra-
tion of 0.7 mg/ml in 50 mM of the following bu¡ers:
acetate, pH 4.0; MES, pH 5.0 and 6.0; HEPES, pH
7.0 and 7.5; EPPS, pH 8.0; CHES, pH 9.0; CAPS,
pH 10.0 and 11.0. All potentials are expressed versus
the standard hydrogen electrode (NHE). The temper-
ature dependence of the midpoint potential was de-
termined as described previously [25].
EPR spectra were recorded on a Bruker ER 300E
spectrometer equipped with an Oxford Instruments
ITC £ow cryostat and interfaced to an ESP 3220
computer. Spin concentrations were determined by
double integration of the ¢rst derivative spectra re-
corded under non-saturating conditions using a mi-
crowave power of 10 WW. A spectrum of a solution
of 0.993 mM CuSO4 in 100 mM EDTA recorded at
10 WW was used as the standard. Samples for EPR
were prepared by anaerobically exchanging the pro-
tein in 50 mM of one of the following bu¡ers: MES
(pH 6.0), EPPS (pH 8.0) or CAPS (pH 10.0) using a
G-25 super¢ne desalting column in an anaerobic
chamber (Vacuum Atmospheres). The protein was
subsequently reduced with sodium dithionite added
from a freshly made 200 mM stock solution to a ¢nal
concentration of 4 mM. After a 20 min incubation,
the samples were transferred to EPR tubes and rap-
idly frozen in a heptane/liquid N2 bath. Circular di-
chroism (CD) spectra were recorded on a Jasco
J-500C spectropolarimeter interfaced to a Dell PC.
HydC samples were desalted in 5 mM HEPES pH
7.0 and concentrated using a microcon PM-3 ¢lter.
Samples at di¡erent pH values were prepared by di-
luting the concentrated sample 10-fold in a 50 mM
bu¡er at the appropriate pH using Hamilton syringes
(Hamilton, Reno, NV). Analytical gel ¢ltration ex-
periments were performed using a Sephacryl S-200
10/30 H column connected to an FPLC system (AP
Biotech, NJ). The column was equilibrated with
50 mM EPPS, pH 8.4, containing 150 mM NaCl,
2 mM sodium dithionite and 2 mM DTT at a £ow
rate of 0.5 ml/min. Elution pro¢les were determined
at 405 nm using a UV-visible detector. The column
was calibrated with the appropriate standards using
the same conditions except that sodium dithionite
was omitted and the proteins were detected by their
absorption at 280 nm.
2.6. Biological assays
Hydrogen uptake activity measurements were per-
formed using a Shimadzu PC UV-2501 PC spectro-
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photometer equipped with a thermostated cell holder
(Shimadzu) in 1 ml quartz cuvettes containing 50
mM EPPS, pH 8.0, and 0.1 mM metronidazole.
The HydC-dependent reduction of metronidazole at
80‡C was followed at 320 nm and an extinction co-
e⁄cient of 9300 M31 cm31 was used for the calcu-
lations assuming a single electron reduction [26,27].
Direct reduction of HydC was followed at 460 nm
using an extinction coe⁄cient of 8754 M31 cm31 for
the oxidized form and 3335 M31 cm31 for the re-
duced form. Cuvettes were made anaerobic by sev-
eral cycles of vacuum and argon, ¢lled with anaero-
bic bu¡er and sparged with H2 for 10 min. The ¢nal
H2 pressure was 80 kPa. Cuvettes were allowed to
equilibrate for 3 min in the thermostated cuvette
holder before the reaction was started by the addi-
tion of enzyme.
The e⁄ciency of electron transfer during pyruvate
oxidation from pyruvate ferredoxin oxidoreductase
(POR) (from Pyrococcus furiosus (Pf); speci¢c activ-
ity, 11 U/mg) to HydC was measured by following
the HydC-dependent reduction of metronidazole, as
described previously for Pf ferredoxin [25,28]. Pf
POR was puri¢ed according to the published proce-
dure [29].
H2 production assays were performed in 8 ml se-
rum vials and the concentration of hydrogen in the
headspace was determined using a Shimadzu GC gas
chromatograph equipped with a molecular sieve col-
umn and a thermal conductivity detector.
3. Results
3.1. Puri¢cation of recombinant HydC
The hydC gene of Tm is predicted to encode an
FeS cluster-containing protein of 18 kDa [16]. To
optimize the heterologous production of recombi-
nant HydC in Ec, the expression strain was grown
and induced under several di¡erent conditions. The
intensity of the reddish-brown color of the cell pellets
before lysis gave the ¢rst indication of expression
levels, and this was con¢rmed by SDS-PAGE analy-
sis of whole cell extracts, supernatants (untreated
and heat treated), pellets and anion exchange chro-
matography (Q-Hitrap) fractions. The highest levels
of induced protein were found in the heat-shocked
cells and this procedure was used to obtain cells to
purify HydC.
Two forms of recombinant HydC were puri¢ed
from cell-free extracts of Ec. The major form had
an estimated molecular mass of approx. 18 kDa,
while that of the minor form was about 10 kDa
(Fig. 1). The N-terminus sequence of the 18 kDa
band was MERHF-, which is an exact match to
the predicted sequence. The N-terminus sequence ob-
tained for the 10 kDa band, -SLKPK-, corresponds
to residues 66^70 of the translated amino acid se-
quence of HydC, which suggests that this protein is
a truncated form of HydC. Mass spectrometry of the
major form of HydC yielded a molecular mass of
18 027 Da, which compares well to the predicted
size calculated from the gene sequence (18 025.49
Da). This con¢rms that it is recombinant, wild type
HydC. The minor form yielded a molecular mass of
10 267 Da as compared to 10 269 Da, based on the
translated amino acid sequence of residues 66^161,
indicating that this is a truncated version of HydC
(HydCT). To investigate the cause of the cleavage of
the N-terminal 65 residues, puri¢ed samples of HydC
were heated at 80‡C for up to 5 h under both aerobic
and anaerobic conditions. Subsequent analysis by
denaturing gel electrophoresis did not indicate the
presence of the truncated form in any of the samples.
Analytical gel ¢ltration experiments showed that
Fig. 1. SDS-PAGE of the Q-subunit of T. maritima hydroge-
nase. Lanes: 1, 6 Wg HydC; 2, Gibco 10 kDa molecular mass
ladder; 3, 6 Wg HydCT.
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HydC elutes as a monomer with a molecular mass of
25 þ 1 kDa. No change in elution volume was ob-
served when HydC was incubated (at 23‡C) with
the isolated forms of the K-subunit and/or L-subunit
prior to application to the column, indicating that
these two subunits, alone or in combination, do
not form a complex with recombinant HydC under
these conditions.
3.2. Properties of the iron-sulfur cluster
Based on sequence comparisons and analysis of
the arrangement of the four cysteine residues in
HydC, the Q-subunit is expected to contain a single
[2Fe-2S] cluster [16]. Accordingly, the presence of an
FeS cluster in the recombinant protein was apparent
from its visible absorption spectrum. This showed
distinctive peaks at 420, 460, and 550 nm, which
Fig. 2. Absorption spectrum of puri¢ed HydC (9 ; 0.08 mg/ml)
and HydCT (999 ; 0.05 mg/ml). Spectra were recorded in 50
mM EPPS pH 8.0 under aerobic conditions.
Fig. 3. Sequence alignment of Tm HydC, Df HndA, Ec NuoE, and Pd Nqo2. Identities and similarities between the di¡erent proteins
are indicated with shaded and clear boxes, respectively. The conserved cysteine residues involved in coordinating the [2Fe-2S] cluster
are marked by asterisks. The arrow indicates the site where HydC is cleaved to form HydCT. The accession numbers are: Tm HydC,
AF044577 [16] ; Df HndA, U07229 [42]; Ec NuoE, L25055 [36]; Pd Nqo2, M74171 [43].
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are characteristic of proteins containing a [2Fe-2S]
cluster (Fig. 2). The spectrum of HydCT is virtually
identical to that of HydC, which might be expected
since HydCT contains all four cysteine residues (see
Fig. 3). The presence of a [2Fe-2S] cluster in both
proteins was also suggested by metal analyses. Both
a colorimetric method and ICP analysis indicated an
Fe content of 2.0 þ 0.1 moles/mole for HydC and
1.7 þ 0.1 moles/mole for HydCT. Con¢rmation of
cluster type is provided by the EPR properties of
the two reduced proteins. Both gave rise to a rhom-
bic shaped signal with g-values of 2.000, 1.949, and
1.914 (Fig. 4). These signals remain visible at temper-
atures up to 55 K indicating that this is a slowly
relaxing species, a property typically associated
with [2Fe-2S] clusters [11]. Double integration of
the EPR signals resulted in a value of 0.8 spins/
mole for HydC and 0.9 spins/mole for HydCT. All
of these data are consistent with the presence of a
single [2Fe-2S] cluster in both forms of HydC.
3.3. Reduction potential
The midpoint potential of the FeS cluster in the Q-
subunit, as determined by cyclic voltammetry at pH
6.0 and 25‡C, was 3352 mV and this showed a dis-
tinct pH dependence (Fig. 5A). The potential of the
truncated form of the protein was essentially the
same ( þ 4 mV), indicating that removal of the 65
NH2-terminal amino acids has a negligible e¡ect on
the cluster environment. The pH dependence of the
two forms can be described using Eq. 1, where
Em  EA  RT=nFUlnfH  K red=H  Koxg
1
EA is the midpoint potential at low pH and the other
Fig. 4. EPR spectra of reduced Tm HydC at pH 6.0 (top) and
pH 10.0 (bottom). The spectra were recorded at 55 K. Instru-
ment settings: microwave power 1 mW; microwave frequency
9598 MHz; receiver gain 2E4; modulation amplitude 0.64 mT;
modulation frequency 100 kHz.
Fig. 5. (A) pH dependence of the midpoint potential of HydC
(R) and HydCT (b). The values were obtained at 23‡C and are
relative to the NHE. Glassy carbon, Ag/AgCl and Pt were used
as the working, reference, and counter electrode, respectively.
Protein concentration is 0.8 mg/ml. (B) Temperature depen-
dence of HydC at pH 6.0 (E) and pH 8.0 (b). The values are
relative to the NHE and were obtained as described in Section 2.
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symbols have their usual meaning. A ¢t of the data
to Eq. 1 gives a pKox of 7.5 and a pKred of 7.7.
Alternatively, when it is assumed that the pK value
is independent of the redox state of the cluster, the
data can be ¢tted with a single pK of 7.6 using a
common pH titration curve. Since the pKred and
pKox values are less than 1 unit apart it is not pos-
sible to distinguish between these two alternatives
[30]. In an attempt to corroborate this pH e¡ect,
EPR spectra of the holoprotein were recorded at
di¡erent pH values ranging from pH 6.0 to 10.0
(Fig. 4). Changing the pH from 6.0 to 8.0 only re-
sults in the reversible appearance of a small feature
at g = 1.977 which remains present when the pH is
changed further to 10.0. In addition, CD spectrosco-
py, which is a sensitive tool for probing the cluster
environment [31,32], indicated a small pH-dependent
change in the ratio of the intensity of the peaks at
416 nm and 474 nm with a pK of 7.8. However, the
overall shape of the spectrum in the region between
340 and 700 nm remained essentially unchanged
(data not shown). Finally, the temperature depen-
dence of the midpoint potential was similar at pH
6.0 and 8.0 with a slope of 31.3 mV/‡C (Fig. 5B).
The potential of the subunit at the physiological
growth temperature of Tm (80‡C) is therefore 3423
mV (pH 6.0) and 3436 mV (pH 8.0) vs. NHE.
3.4. Electron transfer kinetics
The recombinant HydC protein did not accept
electrons from the isolated K-subunit of Tm hydro-
genase nor the holoenzyme: the rates of electron
transfer were extremely low. For example, reduction
of HydC by Tm Fe-hydrogenase holoenzyme, using
H2 as the electron donor, occurs at a rate of 0.01 U/
mg of hydrogenase at 80‡C (kcat, 0.0265 s31). Sim-
ilarly, the maximum speci¢c activity obtained with
HydC using the isolated K-subunit from Tm hydro-
genase in a coupled assay with metronidazole as a
reporter molecule [26] is only 0.1 U/mg at 60‡C (kcat,
0.12 s31). These results compare with values of 57 U/
mg (kcat, 151 s31) and 54 U/mg (kcat, 65 s31) using
methyl viologen as the electron acceptor for the Tm
hydrogenase holoenzyme and K-subunit, respectively.
The e¡ectiveness of HydC as an electron donor to
Tm hydrogenase was also measured in the reverse
reaction. The H2 production activity of Tm hydro-
genase holoenzyme using sodium dithionite as the
reductant increased 2-fold in the presence of HydC,
with a speci¢c activity in the range of 0.07 U/mg
(kcat, 0.185 s31). This compares with a 275-fold in-
crease observed with methyl viologen as the electron
mediator. In contrast to these results, the recombi-
nant Q-subunit did function as an e⁄cient electron
acceptor for CoASH-dependent, oxidative decarbox-
ylation of pyruvate by POR from Pf. In a coupled
assay in the presence of metronidazole, the Km value
for the recombinant subunit was 5 WM with a speci¢c
activity of 9 U/mg. This compares with a value of
11 U/mg in the control reaction using methyl violo-
gen as the electron acceptor.
3.5. Thermostability
Recombinant HydC was extremely thermostable at
80‡C, the optimum growth temperature of Tm, with
an extrapolated half-life under anaerobic conditions
of more than 10 days. The thermostability of HydC
decreased dramatically in the presence of oxygen,
with a half-life of about 3 h at 80‡C. There was no
detectable di¡erence in the thermal stability of HydC
and HydCT. These data indicate that the thermal
characteristics of HydC are not dependent on the
presence of the K- and/or L-subunits of Tm hydro-
genase nor on the protein’s N-terminal domain.
4. Discussion
Expression of the gene encoding the Q-subunit of
the Tm Fe-only hydrogenase in Ec resulted in the
production of soluble protein containing a single
[2Fe2S] cluster. The use of heat shock at 42‡C fol-
lowed by induction of expression of the hydC gene at
40‡C resulted in a signi¢cant increase in the amount
of FeS-containing protein produced, as reported pre-
viously for another [2Fe2S] cluster-containing pro-
tein [18]. The remarkable thermal stability of re-
combinant HydC allowed for its puri¢cation from
cell extracts of Ec using a heat treatment step. The
fact that HydC behaved as a thermostable monomer
under all conditions examined indicates that it does
not require interactions with the K- and L-subunits of
Tm hydrogenase to maintain an independent stable
structure. This is in contrast to the results obtained
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with the related subunit, HndA, of the Fe-only hy-
drogenase from the mesophile, Desulfovibrio fructo-
sovorans. Recombinant HndA was reported to form
aggregates and to undergo spontaneous proteolysis
resulting in the formation of three major fragments
[33]. Although approx. 20% of the Tm protein was
obtained in a truncated form, this form was also
soluble, monomeric, extremely stable and, like the
intact protein, showed no signs of aggregation or
spontaneous degradation. A sequence comparison
of HndA and HydCT indicates that the sequence
around the cleavage site, at residue 87 in HndA
and residue 66 in HydC, contains several conserved
regions (see Fig. 5). However, the actual cleavage site
in the two proteins is shifted by one amino acid and
the residues immediately surrounding this site are not
conserved. Clearly, in this case at least, the thermo-
philic protein is a much better experimental system
with which to assess the properties of the recombi-
nant subunits.
Based on metal analysis and the EPR properties of
the reduced protein, it is concluded that HydC con-
tains a single [2Fe-2S] cluster. This implies that it
may function in electron transfer. HydC was able
to replace ferredoxin and serve as an e⁄cient in vitro
electron carrier for the ferredoxin-dependent oxido-
reductase, POR. The electron transfer observed be-
tween HydC and POR is of interest because POR is
not capable of reducing the intact Tm hydrogenase
holoenzyme in the absence of mediators. Thus, the Q-
subunit is not accessible to POR when it is part of
the hydrogenase holoenzyme, suggesting it is buried
and does not function as the site of interaction for
external electron carriers. This is consistent with the
notion that it is the L-subunit that accepts electrons
from nicotinamide nucleotides in vivo and transfers
them to the catalytic, H2-evolving K-subunit via the
Q-subunit [16].
While displaying the potential to function in elec-
tron transfer, HydC was unable to transfer electrons
to or from the isolated K-subunit of hydrogenase.
This is not surprising, given that oligomeric proteins
are usually expressed, folded and assembled in an
ordered manner. Thus, functionality of the Q-subunit
in intersubunit electron transfer may be tied to in
vivo co-assembly of all three hydrogenase subunits,
and the inability of HydC to transfer electrons to or
from the isolated K-subunit may simply be the result
of the separated subunits being unable to associate
with HydC in vitro. This is supported by the obser-
vation that HydC did not co-elute with the isolated,
native K- and L-subunits after mixing and loading
onto a sizing column. In addition, we have previ-
ously shown that intact Q-subunit could not be de-
tected after the partial denaturation of the holoen-
zyme under conditions that allowed the recovery of
isolated FeS-containing K- and L-subunits [16]. Since
the Q-subunit does not dissociate from the holoen-
zyme under physiological conditions, it probably
serves as more than just an electron transfer compo-
nent in maintaining the necessary associations to
form a functional enzyme complex. The lack of elec-
tron transfer between HydC and the hydrogenase
holoenzyme may simply re£ect the fact that the ho-
loenzyme already has a Q-subunit component and
does not recognize isolated HydC as a ‘nonspeci¢c’
ferredoxin-like electron transfer protein, which is
presumably what it is functioning as in the POR
assay.
The redox properties of the recombinant Q-subunit
are consistent with a function in intersubunit electron
transfer. For example, the midpoint potential of its
[2Fe-2S] cluster is between that of the hydrogen elec-
trode (EmP=3414 mV [34]) and NAD/NADH
(EmP=3320 mV [34]). The pH dependence, however,
is unusual for a (presumably) all Cys-coordinated
FeS cluster, but the fact that both pK values are
around pH 7 suggests that this pH dependence pro-
vides functionality to HydC. Since the reduction of
protons by NADH is an energetically unfavorable
reaction, it is possible that the Q-subunit is not just
involved in transferring electrons between the K- and
the L-subunits within Tm hydrogenase, but is also
required for controlling the direction of the electron
£ow, especially under conditions when the pH is low
or when hydrogen levels are high. In any event, it is
shown here that the pH dependence does not require
the presence of the ¢rst 65 amino acid residues of the
HydC protein.
As described previously, the Q-subunit of Tm hy-
drogenase has sequence similarity to the 24 kDa sub-
unit of NADH dehydrogenase I ([16,35], see Fig. 5).
The 24 kDa subunit forms part of the hydrophilic
domain of this enzyme. The properties of the Q-sub-
unit indicate that, in addition to sequence similarity,
there are also similarities in the properties between
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the two proteins. For example, a similar pH-depen-
dent, midpoint potential has been observed for the
[2Fe-2S] cluster (labeled N1a) present in the 24 kDa
subunit of NADH dehydrogenase from several dif-
ferent organisms, including Ec and Paracoccus deni-
tri¢cans [36^39]. The function of this subunit is, how-
ever, unclear, although it was postulated that its
[2Fe-2S] cluster is not reduced by NADH during
catalysis due to its low potential and does not take
part in the electron transfer pathway within the en-
zyme [40]. More recent evidence suggests that, if
nothing else, the subunit plays an essential role in
enzyme assembly. Strains of Neurospora crassa, in
which the gene encoding the equivalent subunit
(nuo-24) has been deleted, assemble NADH dehy-
drogenase I but do not have the NADH:ferricyanide
oxidoreductase activity of the native protein and
contain very low amounts of the £avin-containing,
51 kDa subunit [41]. It was therefore suggested
that the 24 kDa subunit is essential for the proper
folding and assembly of the 51 kDa subunit [41].
Hence, the cofactor content and redox properties
of the Q-subunit of Tm hydrogenase are consistent
with a role in electron transfer between the K- and
L-subunits. Moreover, by analogy with the NADH
dehydrogenase system, the Q-subunit may play a role
in the functional expression of the additional sub-
units of the Tm Fe-only hydrogenase. With the prop-
erties of the recombinant Q-subunit now established,
we are in a position to investigate this by comparing,
for example, the properties of the recombinant L-
subunit when expressed in the presence and absence
of the hydC gene.
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